Grape is not only one of the oldest crops but also one of the most widely distributed, grown in all temperate regions of the world as well as some tropical locations. The number of cultivars is estimated at about 5000 (Alleweldt, 1988) . While the earliest cultivation may have occurred in the region between the Black and Caspian Seas, there is ample archeological evidence for early Bronze Age cultivation in other locations around the Mediterranean Sea (Zohary and Hopf, 1993) . It is thus likely that early cultivars arose from independent in situ domestication of wild vines in many locations. Additional cultivars no doubt arose as chance seedlings or as sports of existing cultivars and some are the result of deliberate crosses made since the late 19th century.
Grapes and wine were, and still are, dietary staples in Mediterranean cultures, and wine and raisins were important items in early Mediterranean trade. As successive dominant cultures expanded and colonized new areas, autochthonous cultivars were carried along and established in new areas. The modern distribution of grape cultivars thus reflects not only the processes of domestication, mutation and hybridization, but also extensive migration. Consequently, the geographic origin of a cultivar may be far from the region with which it is most strongly identified today.
The origins of and relationships between some grape cultivars have been inferred from historical documents and morphological features (e.g., Dion, 1959) . But historical descriptions of grapevines were minimal and the ancient cultivar names were rarely the same as those used today, so conclusions drawn from these sources are tenuous. The morphological characteristics of grape cultivars, particularly leaf morphology, have been studied in great detail and are the basis for cultivar identification today (ampelography). However, a single mutation can cause a significant morphological difference that might obscure an otherwise close relationship between two cultivars. DNA marker data offer an alternative approach by which to explore the relationships among grape cultivars. Genetic distance measures obtained from DNA marker data have been shown to accurately reflect known genetic relationships in previous studies in other plant species (reviewed in Dudley, 1994) .
We present here a phenetic analysis of RFLP data obtained from 33 Vitis vinifera cultivars and one interspecific hybrid cultivar. This group includes most of the wine cultivars of current economic importance in California and encompasses material presumed to have originated in diverse regions of Europe and western Asia. It must be emphasized that the relationships that are revealed in this study are phenetic, not phylogenetic, since the taxa being analyzed are not naturally evolved but are the product of human selection acting upon genetic variability generated by natural and artificial means. For this reason, the method chosen for this study was cluster analysis, by which the cultivars were grouped hierarchically according to shared characters, rather than by several other statistical methods for inferring evolutionary relationships that require certain assumptions regarding mutation rates and parsimony. The limitations of restriction fragment data for phylogenetic analysis are well known (Swofford and Olsen, 1990) . Nevertheless this type of information is as valuable for phenetic analysis as is any binary character state and has the additional advantage of directly reflecting the genotype since it is unaffected by environment or developmental stage.
Materials and Methods
All plant material was obtained from the vineyards of the Univ. of California, Davis. The cultivar names used here are those in general use in California. Although some of these names are thought to be synonymous with prime names used in Europe (e.g., 'Napa Gamay' and 'Valdiguié'), we consider it premature to substitute the prime names until the synonymy is confirmed by genetic analysis.
DNA extraction and Southern analysis were as described in Bowers et al. (1993) . Briefly, DNA was extracted by a modified CTAB procedure, digested with either HinDIII or EcoRI, and probed with eight random genomic probes isolated from 'Thompson Seedless' V. vinifera. Each cultivar was scored for the presence or absence of 49 bands chosen on the basis of their reproducibility and clarity.
A similarity matrix was constructed with the Dice similarity coefficient (Dice, 1945) , which represents the proportion of shared bands and is identical to the similarity coefficient of Nei and Li (1979) . Dissimilarity was calculated as 1 minus similarity. Cluster analysis was performed with NTSYS-pc version 1.80, a numerical taxonomy and multivariate analysis software package (Rohlf, 1993) . Comparisons to the results of Bourquin et al. (1993) were made by calculating Dice similarity coefficients from the raw RFLP data illustrated in their paper.
Results and Discussion
The mean similarity index for all pairwise comparisons was 0.696 and ranged from a low of 0.444 between 'St. Emilion' and 'Salvador' to a high of 0.952 between 'Chenin blanc' and 'Semillon' ( Table 1) . The low similarity between 'Salvador' and the other cultivars (mean similarity index = 0.552) was expected since, unlike the others, 'Salvador' is not a pure vinifera cultivar, but is a complex interspecific hybrid of vinifera, rupestris, and lincecumii (Galet, 1988) . Mean similarity among all V. vinifera cultivars was 0.705.
Similar results were obtained with unweighted pair-group method, arithmetic average (UPGMA), weighted pair-group method, arithmetic average (WPGMA) and neighbor joining, although the cophenetic correlation with the original data was highest with UPGMA (r = 0.75). The clusters produced by UPGMA are illustrated as a dendrogram in Fig. 1 . The branch point at which any two cultivars diverge indicates their degree of similarity.
It must be emphasized that the dendrogram illustrates the relative similarity within and between clusters of cultivars, but does not imply an evolutionary path by which the cultivars might have originated. The object of this study was to examine the extent to which cultivars share genetic characters, in this case restriction fragments. It is reasonable to infer a common origin for two cultivar with a very high proportion of shared characters. However, lesser degrees of fragment sharing may not be biologically meaningful, given the limitations inherent in both restriction fragment data and cluster analysis. It would be incorrect to draw conclusions from the larger clusters on the basis of the limited data analyzed in this study.
Several very close relationships are evident in Fig. 1 , all of which were consistently revealed by all the clustering methods used. Some of these relationships confirm previously known or suspected connections, but others were not anticipated. 'Chardonnay' and 'Melon'. 'Chardonnay' is well-known as the preeminent white wine grape in the Burgundy and Champagne regions of France and has been grown in Burgundy at least since the 14th century and possibly since Roman times (Viala and Vermorel, 1903) . 'Melon', on the other hand, is found primarily in the western part of the Loire Valley. However, 'Melon' was once also widely grown in Burgundy (Galet, 1990) , perhaps as long ago as the 13th century (Viala and Vermorel, 1901) and thus its strong The only historical evidence that links 'Sauvignon' to 'Gewürztraminer' and 'Trousseau' is a mention of 'Sauvignon blanc' being grown in Alsace in 1789 (Viala and Vermorel, 1901) . Bourquin et al. (1993) did not find such a strong similarity between 'Sauvignon' and 'Gewürztraminer' (only 75% shared bands), although they did find a fairly high similarity between 'Gewürztraminer' and 'Trousseau' (82%). The 'Sauvignon blanc' grown in California is morphologically and enologically true to type and so it is not likely that the vine we analyzed was incorrectly identified. The high proportion of shared bands observed in this study may be simply a chance occurrence, reflecting sampling error due to the limited amount of the genome represented by the 49 RFLP bands examined here. The genetic relationship between 'Sauvignon' and 'Gewürz-traminer' is being further investigated at microsatellite loci (Bowers and Meredith, unpublished results) .
'Chenin blanc' and 'Semillon'. Of the 35 cultivars examined in this study, these two were the most similar, with 95% shared fragments. Bourquin et al. (1993) also found 'Semillon' to the most similar to 'Chenin blanc' in their study (85% shared fragments). 'Chenin blanc' has been grown in the Loire Valley of France for more than 1000 years and is thought to have originated as a white fruited sport of a wild vine in this region (Viala and Vermorel, 1901) . Today, its cultivation is still concentrated in the Loire Valley (Galet, 1990) . 'Semillon', on the other hand, is thought to have originated some distance away to the south in Bordeaux, where its cultivation has been documented for at least 200 years (Viala and Vermorel, 1901) . Despite their apparent geographic distance, the strong genetic similarity suggests a possible historical connection between these two cultivars that warrants further investigation.
'Cabernet franc ', 'Cabernet Sauvignon', and 'Merlot' . The clustering of these three cultivars is consistent with both their morphological resemblance and their long geographic association with the Bordeaux region of France as far back as the early 17th century Vermorel, 1901, 1905) . 'Cabernet franc' and 'Cabernet Sauvignon' are the most similar (86% shared fragments), with each being slightly less similar to 'Merlot' (79% and 84%, respectively.) Bourquin et al. (1993) detected a comparable degree of similarity among these three cultivars (80% for 'Cabernet franc' and 'Cabernet Sauvignon', 82% for 'Cabernet franc' and 'Merlot', 84% for 'Cabernet Sauvignon' and 'Merlot').
'Ruby Cabernet'. The clustering of this cultivar with the above group is expected, since 'Ruby Cabernet' is the result of a cross between 'Cabernet Sauvignon' and 'Carignane' (Olmo, 1948) . The similarity between 'Ruby Cabernet' and its parents was almost identical (74% for 'Cabernet Sauvignon', 76% for 'Carignane') and the closer grouping with 'Cabernet Sauvignon' is evidently an artifact of the clustering process.
' Mission' and 'Palomino'. 'Mission' was brought to what is now California from Mexico in the 18th century by Catholic missionaries. It is presumed to be of Spanish origin, although no specific Spanish variety has been identified. The observation that 'Mission' is more similar (88%) to the classic Spanish grape 'Palomino' than to any other cultivar in this group is the first The branch point at which two cultivars diverge indicates the degree of similarity. Certain cultivars are considered to have the following European synonyms: 'Burger' ('Monbadon'), 'Zinfandel' ('Primitivo'), 'Napa Gamay' ('Valdiguié'), 'Petite Sirah 3' ('Durif'), 'Thompson Seedless' ('Sultanina'), 'Salvador' ('Siebel 128').
similarity (91% shared fragments) to 'Chardonnay' may reflect a common origin, especially considering the morphological resemblance between these two cultivars. Bourquin et al. (1993) also found a high similarity between these two cultivars (84% shared fragments). 'Burger' and 'Folle blanche'. 'Burger' is thought to be a synonym for 'Monbadon', an undistinguished French cultivar once associated primarily with the Charente region of southwestern France and now found in only a few locations in France. 'Folle blanche', now in decline, was once widely used for brandy and wine in Charente and other parts of southwestern France. Thus, the similarity (90%) between these two cultivars is accompanied by a common geographic thread, although they are not morphologically similar.
'Gewürztraminer', 'Sauvignon blanc', and 'Trousseau'. The similarity between 'Gewürztraminer' and 'Trousseau' (91%) is not surprising since they are somewhat similar morphologically and both are strongly associated with the northeastern parts of France. 'Gewürztraminer' is associated with the Alsace region, where it has been known since the 16th century and 'Trousseau' has been grown for centuries in the adjacent Jura region (Viala and Vermorel, 1901) .
The association of 'Sauvignon blanc' with these two varieties (similarity indices of 93% and 88% with 'Gewürztraminer' and 'Trousseau', respectively) is unexpected, however. 'Sauvignon blanc' is widely grown in France, but is most strongly associated not with the northeastern French regions of Alsace and Jura but with the Bordeaux region in the southwest, where it has been grown at least since the 18th century (Viala and Vermorel, 1901) . genetic evidence for a Spanish origin for 'Mission'.
'Malvasia' and 'Muscat blanc'. The grouping of these two cultivars is intriguing, because both have long been grown throughout the Mediterranean region and both are thought to be ancient cultivars of Middle Eastern origin. A common origin is also suggested by the intensely aromatic flavor of both cultivars. The actual similarity value (71%) is too low, however, to bring strong support to the notion.
'Grenache' and 'Alicante Bouschet'. 'Grenache' is one of the parents of 'Alicante Bouschet' (Galet, 1990) , so the similarity between these two cultivars (85%) is not unexpected. (The other parent, 'Petit Bouschet', was not analyzed.)
While a very high proportion of shared fragments, such as were found between 'Chenin blanc' and 'Semillon' or 'Chardonnay' and 'Melon', is strongly suggestive of a common origin, great caution must be exercised in interpreting these results because they are based on a small sample of the genome. Nevertheless, some of the very close relationships noted above are intriguing and invite further investigation.
Many of today's major grape cultivars are documented in historical writings. Some are presumed to have originated in antiquity and to have migrated with successive Mediterranean cultures, while others are thought to have more recent origins in their areas of current cultivation. Analysis of cultivar relationships at the DNA level may provide the first objective and convincing evidence with which to elucidate the history of this venerable and well-traveled crop.
